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Abstract 
In this brief review we discuss the transient processes in solids under irradiation with 
femtosecond X-ray free-electron-laser (FEL) pulses and swift-heavy ions (SHI). Both kinds of 
irradiation produce highly excited electrons in a target on extremely short timescales. Transfer of 
the excess electronic energy into the lattice may lead to observable target modifications such as 
phase transitions and damage formation. Transient kinetics of material excitation and relaxation 
under FEL or SHI irradiation are comparatively discussed. The same origin for the electronic and 
atomic relaxation in both cases is demonstrated. Differences in these kinetics introduced by the 
geometrical effects (μm-size of a laser spot vs nm-size of an ion track) and initial irradiation 
(photoabsorption vs an ion impact) are analyzed. The basic mechanisms of electron transport and 
electron-lattice coupling are addressed. Appropriate models and their limitations are presented. 
Possibilities of thermal and nonthermal melting of materials under FEL and SHI irradiation are 
discussed. 
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nonequilibrium 
                                                 
* Corresponding author: nikita.medvedev@desy.de 
The paper is published in: Nucl. Instr. Meth. B (2015),  DOI: http://dx.doi.org/10.1016/j.nimb.2015.08.063  
2 
 
I. Introduction 
Systems far from equilibrium are actively investigated during the last decades (see, e.g., [1–
7]). Effects detected in highly excited solids pose a number of challenges from both theoretical 
and experimental viewpoints [1]. For example, excitation by ultrafast energy deposition into the 
electronic subsystem of a material produces transient nonequilibrium states, which cannot be 
described by the standard techniques based on macroscopic quantities or local equilibrium 
conceptions [8–12]. 
Extreme initial excitation of the electronic subsystem of a solid is commonly produced in 
experiments by two ways. 
Intense free-electron lasers, the 4-th generation light sources such as FLASH [13], LCLS 
[14], SACLA [15], FERMI [16], European XFEL [17], produce brilliant extreme ultraviolet and 
X-ray radiation with photon energies up to ~24 keV [17]. FELs pulse duration reaches a 
femtosecond timescale [14]. Their intensities are sufficient to trigger material modifications by a 
single shot. One of the most important advantages of femtosecond FELs is that the pulse duration 
is comparable with characteristic timescales of the basic processes in solids, e.g. the typical 
timescales of nonequilibrium electron cascades in material. A spot of X-ray FEL has a typical 
size of a μm. The photon attenuation length depends on the photon energy, and can be as short as 
a few tens of nanometers (for VUV at energy around the plasmon minimum), or as long as 
microns (for hard X-rays) [18,19]. Thus, material modifications produced by X-ray FEL are 
typically of a micron size. 
Swift heavy ions (SHI, M ≥ 20mp, mp is the proton mass, E > 1 MeV/amu) decelerated in 
the electronic stopping regime excite, in the nanometric vicinities of their trajectories, primary 
electrons (so-called delta-electrons) up to energies similar to those of FEL-irradiation. For 
instance, UNILAC accelerator at GSI produces electrons with energies up to ~24 keV [20,21] by 
an impact of a nonrelativistic heavy ions with energies around the Bragg-peak realizing the 
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electronic stopping [22]. SHI impacts can stimulate structure and phase transformations forming 
nanometric latent tracks along the SHI trajectories in a bulk. Their length can be of a few tens of 
microns or even longer, depending on the SHI energy and stopping power [22]. Surface damage 
in a shape of craters [23] and/or hillocks [24,25] can also be formed during an SHI irradiation. 
In both cases, FEL and SHI irradiation, initially excited electrons scatter further elastically 
(exchanging kinetic energy with the atoms without secondary electron excitation) and 
inelastically (impact ionization of secondary electrons), ultimately relaxing to the low-energy 
states of the conduction band. Auger-decay of core holes brings them up to the valence band via 
a sequential cascade of events. Excess energy is later transferred to lattice atoms. These relaxation 
processes in the electron subsystem are physically the same for FEL or SHI irradiation. The 
differences are only introduced by two effects: (a) initial spectra of excited electrons that are 
different after photoabsorption and after an SHI impact; (b) geometry of the problem is different 
due to the difference in the spatial scales mentioned above. We will discuss these similarities and 
differences in the next sections. 
The similarity of the physical processes during relaxation leads to mutual benefits for the 
communities investigating FEL and SHI irradiation. For example, pump-probe experiments 
studying transient electron kinetics are much easier to perform with FELs, since advanced 
synchronization schemes can achieve a femtosecond resolution [26,27]. The data on electron 
cascading in solids can then be utilized for modeling of SHI irradiation, which can be very useful 
considering that femtosecond resolution has not yet been achieved in SHI experiments. 
A number of subsequent stages of nonequilibrium appear after ultrafast high-energy 
deposition into the electronic subsystem of a material:  
(i) Initially excited electrons (on the femtosecond timescale) retain nonthermalized 
distribution until their thermalization (which may take up to a few hundred femtoseconds [8,11]). 
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During first ten femtoseconds [21,28,29], they are accompanied by the Auger cascades of core-
holes, also being out of ionization equilibrium;  
(ii) On the sub-picosecond timescale [9], the distribution of atomic energies in a solid under 
intense excitation may as well be nonthermal (non-Maxwellian); 
(iii) Later, the electron ensemble may termalize at temperatures considerably higher than 
the lattice temperature. Electron-lattice coupling equilibrate these temperatures during a few to a 
few tens of picoseconds [1,2,8,30,31].  
(iv) Additionally, effects of extensive spatial temperature and carrier density gradients can 
be important for the relaxation kinetics of the localized initial excitation, governing particle and 
energy transport [21,32–34]. 
Further material damage may proceed via a number of different channels: (a) thermal lattice 
heating by electron-phonon (or, more generally, electron-lattice) coupling; (b) nonthermal 
melting via modification of the interatomic potential caused by high excitation of the electron 
subsystem of a solid; (c) Coulomb explosion due to space-charge distribution resulting from 
transient spatial separation of excited electrons and lattice ions; (d) accumulation of structure 
defects during relaxation of electronic excitations, e.g. creation of color centers in alkali-halides 
due to creation and decay of self-trapping excitons. The contribution of these mechanisms 
depends on the peculiarities of the irradiation and target parameters. 
In this paper we will only address the first two channels which realize in all targets, while 
the latter two are excluded from current considerations for the following reasons. 
The channel “d” for electronic excitation is realized only for a number of wide band gap 
dielectrics (see e.g. [35], and [36] where the mechanism of point defect appearing due to creation 
and decay of self-trapped excitons is discussed). Also, multiple laser shots or prolonged radiation 
exposures are necessary for accumulation of point defect concentrations necessary for stimulation 
of lattice instability. Such multi-shot effects will not be discussed in this paper. 
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The Coulomb explosion (channel ‘c’) plays an important role only for finite systems such 
as molecules and nanoclusters: e.g. it was shown in Refs. [37,38] that increase of the size of a 
nanocluster results in decrease of the effect of Coulomb explosion for the interior of the cluster. 
The explosion then mostly affects its outer layer. Extrapolating, one can assume that in a bulk 
material Coulomb explosion does not occur, except for the near-surface region where the emitted 
electrons could create long-lasting charge non-neutrality. In this paper we will not consider such 
near-surface effects, focusing on the material deeply inside the bulk, far from a surface. 
II. Electron kinetics 
At present, it is hardly possible to solve many-body time-dependent Schrödinger equation to trace 
the evolution of the highly-excited electron ensemble in a solid on the ab-initio level. Thus, for a 
calculation of nonequilibrium electron kinetics different approximations are used. In particular, one of 
the most popular is the one-particle semi-classical approximation resulting in Boltzmann kinetic equation 
for electrons [4,8,38–42]. Event-by-event Monte Carlo (MC) models [34,43,44] of independent electron 
scattering can be essentially considered as belonging to the same class of methods: introduction of 
correlations into the electron ensemble within the MC scheme (such as done e.g. in [11,45]) allows to 
include electron-electron interaction and Pauli’s blocking effects similarly to the Boltzmann collision 
integral for electrons in solids. 
The difference in the initial excitation of the electron subsystem by FEL or SHI appears, first of 
all, because photoabsorption is realized by quanta, whereas an ion impact excites the whole spectrum of 
electrons. However, the subsequent relaxation processes are similar. For example, in Fig. 1 the evolution 
of the total electron density is shown in both irradiation cases. Figure 1 shows evolution of the electron 
density in diamond irradiated with 1 fs FEL pulse, photon energy of 24 keV, fluence of 1 mJ/cm2, vs 
irradiation with Ca ion with the energy of 457 MeV (11.4 MeV/amu). This particular ion energy is chosen 
for a better comparison of the two scenarios, because the maximum electron energy provided in the ion 
collision is ~24 keV i.e. the same as in the FEL case discussed. 
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Figure 1. Evolution of the electron density in diamond irradiated with: an FEL pulse of 1 fs, photon 
energy 24 keV, fluence of 1 mJ/cm2 (FEL), or Ca ion with energy 11.4 MeV/amu (SHI). 
 
Differing timescales of the electron cascading can be observed before the saturation of the densities 
follows. The electron cascading started by photoabsorption at the energies around 24 keV excited with 
an FEL pulse takes around ~120 fs. After that, the excited electrons do not have sufficiently high energies 
to produce impact ionization, as will be discussed in the next section. In contrast, after the SHI impact, 
there is a lot of low-energy electrons in the first generation ionized by the ion which relax much faster 
(95% of electrons are produced already by 40 fs, 99% are excited by 90 fs). The relaxation of a minority 
of high-energy electrons still lasts a time comparable to that produced by an FEL pulse (~90 fs, as will 
become clear in the section II.2); these very few electrons, however, are highly energetic, thus, may be 
important to consider. 
To emphasize the similarities and differences, below we will discuss the two cases in more detail. 
 
1. FEL irradiation 
Owing to a typical micron-size of a laser spot, homogeneous excitation can usually be assumed 
and periodic boundary conditions can be used for modeling. That significantly simplifies theoretical 
description, since zero-dimensional models could then be applied, tracing only evolution of the electron 
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distribution in the energy space. XCASCADE† code [46], and its predecessors, were used to study 
evolution of electron distribution in different materials irradiated with an FEL pulse [11,45,47]. This code 
is also used to obtain the data presented in Fig. 1, and the results discussed below. 
1 10 100 1000 10000
10
-10
10
-9
10
-8
10
-7
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
D
is
tr
ib
u
ti
o
n
Energy, (eV)
 1 fs
 10 fs
 50 fs
 100 fs
 150 fs
 200 fs
Photoelectrons
Auger-electrons
 
Figure 2. Evolution of the electron distribution function in diamond irradiated with an FEL pulse of 1 fs, 
photon energy 24 keV, fluence of 1 mJ/cm2. 
 
Fig. 2 shows the transient electron distribution in diamond after irradiation with an FEL pulse (the 
same parameters as for Fig. 1). The initial electron distribution is formed by electrons excited from the 
valence and conduction bands or from deep shells of carbon atoms, shifted to high energies by the amount 
of the photon energy (~24 keV) [45]. The secondary peak around 300 eV is formed by Auger-electrons 
appearing due to decays of K-shell holes of carbon atoms which occur on a characteristic time of ~8 fs 
[48]. Relaxation of the high-energy nonequilibrium tail of the distribution is predominantly governed by 
the impact ionizations of secondary electrons during development of electron cascades. Duration of these 
cascades depends on the initial excitation level (photon energy and fluence), and the material parameters 
[46,47]. For the initial electron energy of ~24 keV in diamond, these cascades last ~120 femtoseconds 
                                                 
† N. Medvedev and B. Ziaja. XCASCADE, a Monte Carlo tool for modeling ultrafast electron cascading in solids after X-ray irradiation. DESY, 
Hamburg, 2014. 
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[46], as we also have seen in Figure 1. 
Low-energy electrons are usually treated as non-interacting electron gas. More detailed studies, 
which included interactions between excited electrons, demonstrated partial thermalization of electrons 
with energies below ~10 eV occurring within a few femtoseconds [10,11,49]. This low-energy fraction 
of electrons follows then the Fermi-Dirac distribution with still increasing temperature being provided 
from interaction with high-energy nonequilibrium electrons [11,50]. 
Detailed analysis demonstrated that the transient nonequilibrium shape of the electron distribution 
in different materials (metals [11], semiconductors [45], insulators [47]) during and after an FEL pulse 
follows the so-called ‘bump-on-hot-tail’ distribution [51], similar to that shown in Figure 2. It consists 
of a large number of electrons populating low-energy states with (nearly) thermal distribution, while a 
minority of electrons remains in the long nonequilibrium tail of the distribution at high energies. 
Although the number of such high-energy electrons is small compared to those within the low-energy 
thermalized electron fraction, they possess rather large amount of energy, and therefore cannot be 
neglected and assumed to be thermalized at femtosecond timescales [11]. For highly excited warm-dense 
matter and plasma, this shape of the transient electron distribution was also confirmed by different 
methods: e.g. solutions of Boltzmann kinetic equation [10], and molecular dynamics simulations [49].  
As it was shown in Ref. [11], different experimental techniques have access to different parts of 
the electron distribution function on femtosecond timescales. Thus, the ‘bump-on-hot-tail’ shape of 
transient nonequilibrium electron distribution must be taken into account for interpretation of 
experimental data [11,51]. For example, interpretations based on the assumption of thermal equilibrium 
produced contradicting results: a spectrum from radiative decay of L-shell holes in FEL-irradiated 
aluminum showed electron temperatures of ~1 eV [52], whereas Bremsstrahlung spectra from the same 
system were attributed to the electron temperatures of ~40 eV [53]. But such results could be explained 
by the fact that in the radiative decays L-shell holes are filled by electrons from the thermalized low-
energy part of the transient electron distribution, while Bremsstrahlung spectra were formed by high-
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energy nonequilibrium tail of the ‘bump-on-hot-tail’ distribution [11]. 
 
2. SHI impact 
The developed Monte Carlo code TREKIS‡ [54] was used for modeling of electron kinetics in 
different materials after a swift-heavy ion impact (shown in Figure 1 above, and those discussed below). 
Transient electron distribution after an SHI impact demonstrates qualitatively similar behavior  to the 
FEL-case [21,55]. Figure 3 presents the evolution of electron distribution in diamond after irradiation 
with a Ca ion with the energy of 11.4 keV/amu. Its initial shape is different from FEL case, because an 
ion excites electrons of different energies. Their spectrum scales approximately as ~1/E2, except for low 
energies where it exhibits a plasmon peak [56].  
This spectrum then quickly relaxes to the shape similar to the ‘bump-on-hot-tail’ distribution 
discussed above. However, since: (i) in the initial electron spectrum from SHI impact there is no peak 
similar to that of photoelectrons as after an FEL pulse, and (ii) a majority of primary electrons occupies 
low energy states, it makes the relaxation of the initial electron spectra somewhat faster in SHI-irradiation 
case (Fig. 3 vs Fig. 2). By the time of ~90 fs most of the electrons are already in the low-energy states 
(99% of them are below the ionization threshold), however, a minor amount of electrons up to ~30 eV is 
still present. Their number is so small that the secondary impact ionizations produced by them are almost 
not noticeable compared with the number of already excited electrons (the saturation regime in Fig. 1). 
However, taking into account possible effects of the nonequilibrium electron distribution is 
important because it may affect interpretation of experiments: femtosecond diagnostics (< 100 fs) based 
on radiative photoemission or on Auger-electrons spectra [57], must keep in mind that they have access 
only to the low-energy part of the nonequilibrium distribution, and therefore estimated temperatures do 
not completely describe the excited electron ensemble. The shorter timescales a diagnostic tool probes, 
                                                 
‡ N. Medvedev, R. Rymzhanov and A.E. Volkov, TREKIS: a Monte Carlo tool for modelling Time-Resolved Electron Kinetics 
in SHI Irradiated Solids. 2014. 
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the more pronounced are nonequilibrium effects. 
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Figure 3. Evolution of the electron distribution function in diamond irradiated with Ca ion (457 MeV, or 
11.4 MeV/amu). 
 
Important difference between FEL and SHI irradiation occurs in the spatial distribution of the initial 
electronic excitations. In case of an SHI impact, homogeneous excitation cannot be assumed, i.e. periodic 
boundary conditions only along the ion-trajectory can be implemented in the cylindrical geometry 
[33,58]. Strongly localized initial excitation spreads out radially on femtosecond timescales, significantly 
changing radial profile of the electron density (and energy), as shown in Fig. 4. Initial ballistic transport 
of electrons gradually turns into diffusive propagation on the scales of a hundred femtosecond, alongside 
with the energy distribution relaxation [55,59]. But again, nonequilibrium part of fast electrons is 
important, since they possess a large amount of energy, and are spreading ballistically on femtosecond 
timescale, in contrast to diffusive motion of low-energy electrons [21,59]. 
The amount of energy kept by electrons with energies above a certain value is shown in Figure 5 
as a function of time. We can see that at the beginning about 95 % of the energy provided by the SHI is 
accumulated in the electrons with energies above 10 eV, which are capable of performing secondary 
impact ionizations. Electrons with energies above 100 eV possess over 40 % of the energy forming the 
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ballistic front shown in Fig. 4. Due to the secondary cascading, electrons lose their energy and the fraction 
of high-energy electrons quickly decreases. By the time of ~90 fs, less than 1% of the energy is kept by 
the electrons with energies above 10 eV. This indicates that most of the electrons are already slow, as we 
could also see in the electron spectrum, Fig. 3. Slow electrons exhibit diffusive behavior instead of the 
ballistic one [21,59], implying that in case of diamond irradiated with an SHI of 11.4 MeV/amu, after the 
time of ~90 fs a thermodynamic approach can be used for description of the excited electron ensemble. 
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Figure 4. Radial electron distribution in diamond irradiated with Ca ion (457 MeV, or 11.4 MeV/amu). 
 
It is also important to mention that many MC models are using a hard cut-off energy, stopping 
electrons as soon as their energy drops below a certain value (typically, around 10 eV). Out of this 
condition, the so-called total deposited dose vs radius is determined [32–34]. Obtained radial profile of 
the deposited dose is often used as an initial condition for further thermodynamic calculations, such as 
two-temperature model (see e.g. [60]). Such an approach, however, is inherently inconsistent, since 
neither the particle, nor the energy diffusion for low-energy electrons actually stops below any cut-off 
energy, therefore the spatial and temporal electron density evolution cannot be decoupled. This implies 
that the ‘total dose’ calculated in this manner does not correspond to any particular time instance, and, 
therefore, should not be used as the initial condition for further quantitative modeling [61]. An 
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appropriate way to use the data characterizing the excited electron ensemble must: (a) account for the 
instance of electron thermalization, after which thermodynamic methods can be used, and (b) use 
transient electrons and energy distributions at a chosen time, without introducing artificial energy cut-
offs [59,62]. 
0 20 40 60 80 100
0
20
40
60
80
100
E
n
e
rg
y
, 
(%
)
Time, (fs)
Fraction of energy
storred in electrons
with energies
  > 10 eV
  > 30 eV
  > 100 eV
 
Figure 5. Fraction of energy possessed by the electrons with energies above a certain value in diamond 
irradiated with Ca ion (457 MeV, or 11.4 MeV/amu). 
 
III. Atomic dynamics stimulated by electron-lattice coupling 
As we have seen in the previous section, within ~100 fs after FEL or SHI irradiation, highly excited 
electrons are relaxing into low-energy thermalized states. During and after this relaxation, these electrons 
are coupling to the lattice, which may stimulate structure transformations in a material. Electron-lattice 
coupling is dominated by two effects following from the transfer of kinetic and potential energies to 
atoms. The direct increase of the kinetic energy (temperature) of the lattice atoms is often referred to as 
the ‘electron-phonon coupling’ in the literature [63]. The change of the potential energy modifies the 
interatomic potential that may cause the so-called ‘nonthermal melting’ of lattice [64,65]. Below we will 
discuss these effects as well as the models and approximations with which they can be addressed. After 
that, we will give a few examples of atomic kinetics where the both effects and their interplay are 
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investigated for conditions typical for SHI and FEL irradiation. 
 
1. Thermal electron-lattice coupling 
Before we present the models applicable to describe femtosecond electron-lattice energy exchange, 
let us start with the consideration of an often-used approximation for description of electron-lattice 
kinetic energy exchange: the phonon approximation for the atomic dynamics. In addition to splitting the 
atomic Hamiltonian into two parts describing the equilibrium atomic positions and their displacements 
(see discussion on Eq. (2) below), phonon approximation also assumes that [63]: (a) atomic motion can 
be well approximated by harmonic oscillations (which means that atoms are located close to the 
minimum of their potential); (b) a perfect periodicity in the atomic lattice allows to decouple such 
harmonic oscillators; (c) all atoms interact with their neighbors at least within their correlation length 
(phonon wave-length), so that their motion can be described in terms of collective variables [66]. These 
assumptions are usually satisfied for conditions realized for pico- and nano-second laser pulses. 
However, strictly speaking, after a femtosecond laser pulse irradiation, or an SHI impact, none of the 
approximations (a-c) is valid: the lattice can be heated to a high temperature or even nonthermally melted, 
thus, the interatomic potential is strongly unharmonic and quickly changing in time; they can be locally 
excited and ‘melted’ on a scale smaller than a phonon wave-length (especially in case of an SHI impact), 
which breaks the periodicity; interactions of atoms require times longer than the distance between them 
divided by the speed of sound – that makes a characteristic timescale of collective motion to be at least 
on the order of a few tens of femtoseconds (inverse phonon frequency). This is much longer than the 
femtosecond scales of processes considered for a femtosecond laser or SHI irradiation. Therefore, more 
general methods must be used to describe electron-lattice coupling on femtosecond time scales [31,66]. 
There are two standard approaches for describing interaction of the electrons with lattice in solids 
(and dense plasmas) beyond the phonon approximation: (i) free-electron approximation, coming from 
the plasma physics, and (ii) tight-binding approximation, borrowed from chemistry.  
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(i) The free-electron approximation assumes weak interaction between electrons and ions, when a 
gas of free electrons is scattering on a dynamically-coupled atomic ensemble. This allows to solve 
equations of motion for electrons and atoms independently accounting only for a minor corrections 
coming from their scattering events. This approximation results in Boltzmann kinetic equation for 
electrons where the electron-lattice interaction is included via electron-ion collision integral. The 
collision integral describing the kinetic energy transfer to the atomic subsystem depends on the full 
potential of electron-ion interaction, affected by the atom-atom dynamical and spatial correlations [67]: 
 
 25 2
4
( ) (1 ) ( , ) (1 ) ( , )
2
f i i f
free
e at i fI d d V f f S f f S 

        k k k kk k q q q , (1) 
where  2 2 / 2 eE mk k  is the kinetic energy of a free electron; q = kf – ki is the vector of momentum 
transferred by an electron during scattering from the initial (ki) to the final (kf) state; V(q) is a Fourier-
transform of the full electron-ion interaction potential; fk is the distribution function of the free-electron 
gas; and S(q,ω) is the dynamic-structure factor (DSF) which is a Fourier-transform of the pair correlation 
function of the atomic ensemble [66]. 
The DSF formalism is actively employed for describing neutron scattering on solids [63,66,67], X-
ray scattering [68–70], and electrons in liquid and amorphous materials [71–73] and metals [31,74]. For 
structured solids, it is often rewritten in terms of the complex-dielectric function [75] utilizing 
fluctuation-dissipation theorem [76]. 
(ii) In contrast, the tight-binding approximation assumes that electrons are closely following the 
atomic motion, which allows to split the atomic Hamiltonian into two parts [63]: 
0({ ( )}) ({ }) ({ ( )}),at i iH t H H t  R R R   (2) 
where the equilibrium part of the atomic Hamiltonian 0({ })H R  produces the equilibrium band-structure 
for electrons. After that, the electrons are assumed to be quasi-particles populating this band-structure 
(instead of a free-electron-gas dispersion curve). Interaction of such electrons with lattice realizes only 
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via their interaction with atomic displacements iR  from their equilibrium positions: ({ })iH R . 
Note that instead of the equilibrium atomic positions forming the lattice structure as assumed in 
the phonon approximation discussed above, one can trace evolution of the atomic positions step-by-step 
replacing 0({ })H R by ({ ( )})H t tR . 
It is worth to note that neglecting this so-called nonadiabatic interaction corresponds to the Born-
Oppenheimer approximation for the electrons: electrons are then instantly readjusting on the new 
molecular orbitals that are evolving in time due to the atomic motion. This approximation is often used 
in ab-initio molecular dynamics codes such as DFT-MD. As was discussed in Ref. [30], Born-
Oppenheimer approximation neglects electron-phonon (electron-ion) coupling, which can be described 
only beyond adiabatic effects. 
Now, only the displacement part of the Hamiltonian enters the electron-lattice scattering within the 
tight-binding approximation instead of the full potential; the remaining part is ‘compensated’ by 
substituting electrons by quasi-particles on the new dispersion curves of the band-structure. Within this 
approximation, the electron-ion collision integral can be written as (see details in [30]): 
 
2
1
( )[2 ( )] ( )[2 ( )] ( ), for 2
( , )
( )[2 ( )] ( ) ( )[2 ( )], for 
N
e i e f e f e i at i fTB
e at e at i f
f e i e f at i f e f e i
f E f E f E f E g E E i f
I M E E
f E f E g E E f E f E i f

 

    
 
    
 , (3) 
where electron distributions are now rewritten in the energy space instead of the momentum one (cf. Eq. 
(1)), populating the energy levels Ei and Ef (the eigenstates of the transient Hamiltonian ({ ( )})H tR ); 
gat(E) is the integrated atomic distribution (the integral of the Maxwellian distribution with a transient 
ion temperature), and Me-at(Ei,Ef) is the matrix element describing the scattering of an electron on the 
atomic displacement during the time-step δt, ({ ( )})iH t  R  [30]: 
   
1
( , ) ( ) ( ) ( ) ( )
2
e at i f j iM E E i t t f t f t t i t E E       . (4) 
The matrix element depends on the overlap of the electronic wave functions (the eigenfunctions of 
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the Hamiltonian) on the previous ( ( )i t t  and ( )f t t ) and the current time steps ( ( )i t  and ( )f t ). 
This reflects the fact that the matrix element describes the electron transitions between the levels induced 
by the atomic displacements. In this formalism there is no distinction between the valence and the 
conduction band electrons, and all the energy levels (molecular orbitals) are addressed in the same unified 
manner. 
 
2. Nonthermal melting 
Nonthermal melting naturally occurs in any ab-initio Molecular Dynamics (MD) [64,65,77]. It is 
merely a result of the evolution of the atomic potential energy surface, which can be generally written 
as: 
 
1
({ ( )}, ) ( ) ( ) ({ ( )})
N
e j j rep
j
Ф t t f E E t E t

 R R ,     (5) 
where the attractive part is formed by the electrons via the electron distribution function fe(Ej) populating 
the transient energy levels Ej (electron band structure) summed up over all these energy levels N; Erep is 
the core-core repulsive potential of ions. 
Since the potential energy surface depends on the transient distribution of electrons, electronic 
excitation directly affects the interatomic potential [64,65,77]. When sufficient number of electrons is 
excited to antibonding states, the atomic potential is no longer attractive, and atoms start to experience 
new forces bringing them out of their former equilibrium positions. Note that in contrast to the Coulomb 
explosion, during the nonthermal melting the charge neutrality is preserved, and only the distribution 
function of electrons changes. 
 
3. Examples: thermal and nonthermal melting under FEL irradiation 
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Below we will consider three examples of material damage under an FEL irradiation: (a) thermal 
melting of silicon [30]; (b) an interplay of thermal and nonthermal melting in silicon [30]; (c) purely 
nonthermal solid-to-solid phase transition: ultrafast graphitization of diamond [50,78,79]. 
As discussed in the previous section, the typical shape of the transient electron distribution 
function, the ‘bump-on-hot-tail’, allows simplifying the theoretical description of the nonequilibrium 
electron ensemble on femtosecond timescales [78]. The majority of low-energy electrons that are in near-
thermal-equilibrium already at femtosecond time-scale can be described with the Fermi distribution. The 
minority of high-energy electrons far from equilibrium must be addressed with a nonequilibrium 
technique; in our case, we use individual particle Monte Carlo method of event-by-event simulations 
discussed above [30,78]. For tracing the atomic dynamics, we employ Molecular Dynamics (MD) on the 
time-dependent potential energy surface obtained from the transferable tight-binding Hamiltonian (see 
Ref. [78] for all the details), which naturally accounts for nonthermal effects. Nonadiabatic coupling 
between electrons and ions is additionally introduced within the tight-binding approximation according 
to Eqs. (3,4). This hybrid scheme is incorporated within the recently developed XTANT code [30]. 
Figure 6 presents the atomic structure of solid silicon irradiated with an FEL pulse under a 
normal incidence characterized by 1 keV photon energy, 10 fs duration (full width at half-
maximum of the Gaussian temporal profile), and the photon fluence providing the absorbed dose 
of 0.7 eV/atom. As it was shown in Ref. [30], in this case the atomic dynamics is governed by 
the transfer of kinetic energy (heating of the lattice described by Eqs.(3,4)). This dose is just 
above the thermal melting of silicon (Eth = 0.65 eV/atom). Fig 6. demonstrates that the phase 
transition to the transient low-density liquid state of silicon [80]. This state is characterized by 
the melted atomic structure, which has no long order in the atomic positions but with the kept 
local order (no amorphization) and semi-metallic electronic state (see [30]). Such melting occurs 
on a scale of a few ps, started by the fast electronic band gap collapse, while it takes a few 
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picoseconds until electron and lattice temperatures fully equilibrate via heating of the atomic 
system due to nonadiabatic electron-ion coupling [30]. 
 
Figure 6. Atomic snapshots of the thermal melting of silicon under FEL irradiation of 1 keV photon 
energy, 10 fs pulse, 0.7 eV/atom absorbed dose. The figure is reproduced from Ref. [30]. 
 
In contrast, Figure 7 demonstrates nonthermal melting of silicon, irradiated with an FEL pulse with 
the higher photon fluence providing the dose of 1 eV/atom and the same other parameters as in Fig. 6. In 
this case, the absorbed dose is above the damage threshold leading to amorphization into high-density 
liquid [80] (Eth = 0.9 eV/atom [30]). This amorphization occurs as an interplay between the thermal 
heating via electron-ion coupling (Eqs.(3,4)) and nonthermal melting resulted from modification of the 
interatomic potential (Eq.(5)). The interatomic potential is softened by the excitation of electrons when 
more than 4% of the valence band electrons are promoted to the antibonding states of the conduction 
band [30]. This results in the so-called ‘phonon squeezing’, where atoms are trying to adjust to the new 
potential energy surface formed by excited electrons [81]. Simultaneously, electron-ion coupling pro-
vides atoms with sufficient amount of the kinetic energy to overcome the reduced barrier for amorphiza-
tion [30]. This nonthermal melting is very fast, and amorphization occurs already within 300-500 fs after 
the exposure to the laser pulse. 
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Figure 7. Atomic snapshots of the nonthermal melting of silicon under FEL irradiation of 1 keV photon 
energy, 10 fs pulse, 1 eV/atom absorbed dose. The figure is reproduced from Ref. [30]. 
 
 
Figure 8. Atomic snapshots of the nonthermal graphitization of diamond under FEL irradiation of 10 
keV photon energy, 10 fs pulse, 0.85 eV/atom absorbed dose. The figure is reproduced from Ref. [82]. 
 
Figure 8 demonstrates an example of a purely nonthermal phase transition: solid-to-solid phase 
transition from diamond to graphite. Diamond irradiated with FEL providing the dose of 0.85 eV/atom 
(graphitization threshold is Eth = 0.7 eV/atom [78]) turns into graphite within some 50 fs after the energy 
is delivered to the low-energy (valence and conductions band) electrons. In the present example of 10 
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keV photon irradiation, the electron cascade takes around ~100 fs to bring the energy from high-energy 
part of the nonequilibrium distribution to the low-energy states of the valence and conduction band, as 
discussed in the section II. After that, the atoms experience a modified potential energy surface, and relax 
into the new phase of graphite. This happens extremely fast, much faster than nonthermal melting in 
silicon, because here the lattice is not required to amorphize, but only atoms to shift to the nearest 
positions corresponding to the new equilibrium solid state. As can be seen in Fig. 8, these are the positions 
in the graphite planes, while the sp3-hybridization bonds are breaking. In experiments, diamond 
graphitization after exposure to a femtosecond FEL pulse was studied in Ref. [79], and more experiments 
are currently ongoing. 
 
4. Examples: atomic dynamics after an SHI impact 
In contrast to the X-ray FEL-case, when a solid is irradiated with a swift-heavy ion, strong gradients 
of excitation in the electronic system occur, affecting considerably the relaxation kinetics. To account for 
them, we used MC code TREKIS described above, combined with other approaches to model a track 
formation. An in-house hybrid code§ couples TREKIS with another low-energy-electron kinetics tool (an 
approximate Boltzmann equation), and classical MD simulating the dynamics of excited lattice [83]. The 
DSF-formalism (Eq.(1)) is used to describe the electron-lattice coupling. 
An example of the track kinetics in Al2O3 after Xe ion impact (167 MeV) was presented in [62]. It 
was shown that when electron coupling to the lattice was assumed within free-electron approximation 
for the conduction-band electrons appearing in a track (Eq.(1)),  without contribution of valence-band 
holes, the resulting lattice heating seemed to be too low to produce experimentally observed damage 
regions, see Ref. [62]. Only taking into account the contribution from the excess energy of valence-band 
holes (in admittedly crude way), the track radius could be reproduced close to the experimental size [62]. 
The atomic snapshots are shown in Fig. 9 from the top-view. The importance of holes for the track 
                                                 
§ Developed by S. Gorbunov, P. Terekhin, N. Medvedev, R. Rymzhanov, and A. Volkov, 2013. 
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kinetics seems to be coming from the fact that extremely fast electron transport out of the SHI trajectory 
carries energy away (as we saw in Fig. 3, and was discussed for a long time in the literature, see e.g. 
Refs. [3,31,84–86]). In contrast, valence holes are much slower (their kinetic energy is limited by the 
width of the valence band). Thus, these holes have enough time to interact with the atoms in the 
nanometric region around the ion trajectory providing them with energy sufficient to form a track. 
 
Figure 9. Atomic snapshots of Al2O3 after Xe ion impact (167 MeV). (a) 1 ps after the ion passage; 
(b) 50 ps after the ion passage. Al atoms are depicted as blue, O atoms are shown in red. Figure is 
reproduced from Ref. [62]. 
 
Contribution of valence holes to the lattice heating is often neglected in theoretical studies of SHI 
track formation. This results into a need for adjusting the input of the energy to the lattice by artificially 
changing parameters of the electron-phonon coupling to heat the lattice more significantly in the center 
before the electrons run away (see applications of the ‘thermal-spike’ model [60]). It might also be one 
of the reasons why rescaling of input data from TTM for MD simulations is often used [87,88], 
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additionally to the specifics of the interatomic potentials, and the fact that softening of the potentials due 
to nonthermal effects is usually missing in classical-MD simulations. All of these effects and their relative 
importance warrant further dedicated research. Taking this into account, energy exchange between the 
lattice and valence holes seems to be necessary to avoid such fitting procedures. Another effect of valence 
holes that is often neglected is the Coulomb attraction of the excited electrons that might slow down their 
spreading. More detailed studies of these effects are currently in progress. 
To the best of our knowledge, nonthermal melting in SHI tracks has not been studied quantitatively 
so far, although possibility of nonthermal melting is discussed in the literature [89–91]. Extreme levels 
of the initial electronic excitation, and their nanometric spatial localization resulting in strong spatial 
gradients inducing fast transport of particles and energy, pose additional challenges for theories, 
precluding direct application of previously developed schemes used for laser excitations. Moreover, 
when the spatial scales become smaller than the scales of the collective behavior of atoms (phonon 
wavelength), the two representations: real-space (coordinate), and reciprocal-space (momentum), are 
non-equivalent. That presents additional challenges for theoretical treatments of coupled electron and 
atomic dynamics in SHI tracks to be solved in future. 
 
IV. Summary 
In this brief review we discussed similarities and differences in transient material excitation 
and evolution caused by free-electron-laser and swift-heavy-ion irradiation. The starting points 
for these kinds of irradiation are obviously different: photoabsorption delivers quanta of energy, 
whereas an ion impact produces many electrons with different energies (initial spectrum 
approximately follows ~1/E2). Also, spatial profile of an FEL beam creates different geometry 
compared with an ion impact. In spite of these differences in the initial spectra of the energy 
deposition, the basic mechanisms of the subsequent electron relaxation processes are essentially 
the same. Coupling to the lattice and further atomic dynamics also have the same underlying 
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physics. The relative importance of different channels of energy dissipation is determined by the 
geometry and initial spectrum of excitation in FEL vs SHI irradiation.  
Taking this into account, two methods of description of electron-lattice coupling appropriate 
for FEL and SHI irradiation are discussed (free-electron approximation and tight-binding 
approach). Based on these methods, possibilities of thermal and nonthermal melting in FEL spots 
were demonstrated; an insufficient heating of the lattice solely by excited free electrons in SHI 
tracks is discussed. For spatially inhomogeneous excitations, strong gradients of density and 
energy-density pose challenges for theoretical descriptions that must be addressed in future 
modeling tools. 
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